Megakaryocytes (MKs) are rare cells that develop in the bone marrow and give rise to platelets. A 7 major challenge in studying megakaryocyte development, and the diseases that arise from these cells, 8 is the identification and classification of MK progenitor cells that are produced during hematopoiesis.
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Performing this analysis, principal components 1 through 3 (PC1-PC3, respectively) explain 74.0% of 2 the observed variance in the dataset cumulatively-or 38.9%, 24.5%, and 10.6% of the observed 3 variance in the dataset, respectively. Comparison of the percent variance explained by each principal 4 component to the broken-stick model 16 confirmed that the first 3 principal components were sufficient 5 to interpret the full dataset (Figure 2A ). Size features contributed the most to PC1, shape features 6 contributed the most to PC2, and texture features contributed the most to PC3 ( Figure 2B ). The top 7 three morphological features that contributed to each principal component were diameter, area, and 8 major axis for PC1; circularity, aspect ratio, and bilateral symmetry for PC2; and standard deviation, 9 modulation, and contrast for PC3 ( Figure 2B ). Converting the no TPO observations into the principal component space suggests that the R2 and R4 1 2 subpopulations contain cells that are morphologically distinct ( Figure 2C ). R4 cells are extended along 1 3 the PC1 axes and are, therefore, are largely distinguished by their unique size. To a lesser extent, 1 4 these cells also extend along the PC2 axes, which correlates mostly to shape. In contrast, R2 cells 1 5 strongly extend along the PC2 axes indicating that these cells also have very distinct morphologies 1 6 compared to cells in the other subpopulations. The R3 subpopulation extended roughly equally 1 7 between PC1 and PC2 suggesting it may contain morphological intermediates between the R2 and R4 1 8 populations. PC3 did not distinguish any subpopulations but rather suggests the variation in texture 1 9 between all the subpopulations is roughly the same (supplementary Figure 4B -C). The spread in the R3 2 0 subpopulation also suggests it has the most morphological variation overall, followed by the R4 2 1 population, the R2 population, and finally the R1 population which has the most uniform morphology. Transforming the 50ng/ml TPO observations into the principal component space suggests that 2 4 treatment with TPO exaggerates morphological differences between the R4 subpopulation and the 2 5 other subpopulations ( Figure 2D ). In particular, the morphological differences in the R4 subpopulation 2 6 become more consistent and distinctly extend along the PC1 axis. The R1, R2, and R3 subpopulations 2 7 are also more internally consistent across all principal components, indicating these cells are more 2 8 uniform in morphology after culturing with TPO. Taken together, these results indicate that the size and shape of individual R4 cells can be used to distinguish the R4 subpopulation from the rest of the cells in 3 0 the LSK stain, and that R4 cell morphology becomes more uniform when cultured with TPO. To illustrate the results of the PCA, plots of brightfield circularity vs. area of all lineage negative image Figure 5 ). These plots establish the R4 subpopulation as the largest, most circular cell 3 5 type of the lineage negative cells, a property that was exaggerated after culture with TPO ( Figure 2E Figure 6 ). Because MK maturation is marked by an increase in cell size 10 , and cKit high 1 cells exhibit an intrinsic MK bias 18 , R4 cells were considered a novel, HSC-derived MK progenitor 2 subset that is susceptible to further expansion via stem cell factor/cKit receptor signaling and 3 differentiation into mature MKs. To study the effect of TPO on MK development and maturation, mouse BM cells were stained with MK 7 antibodies (Table 1 ) before and after exposure to 50ng/ml TPO. Flow cytometry plots of CD45 vs. 8 CD41 intensity were generated for both time points and seven subpopulations (R1-R7, respectively) 9 with distinct expression levels were identified ( Figure 3A The R1 cells are CD45 -CD41 -CD42d -, have distinct nuclei, do not proliferate in response to TPO, and 1 5 are highly prevalent in unstimulated BM, representative of a subpopulation of cells that does not self- an initial CMRP phenotype that can self-renew or directly gives rise to MKs when cultured with TPO. R4 2 0 cells emerge as a true subpopulation after TPO stimulation and are marked by low surface marker 2 1 expression and DNA content, indicating a subpopulation that can self-renew in response to TPO but 2 2 have low MK production potential. R5 cells are CD45 -CD41 low CD42dand lack nuclei, which is typical of 2 3 maturing reticulocytes. R6 cells are CD45 -/low CD41 mid high CD42d + cells with low DNA content, exemplary 2 4 of an LT-HSC-derived MKRP that can self-renew but has not yet undergone endoreplication to increase CMRPs, MERPs, or MKRPs, respectively (supplementary Figure 9 ). Inspection of image files associated with individual events in each subpopulation confirms the To confirm that LSK surface marker expression can be used to predict MK cell development, the 7 previous PCA projections of the no TPO Linexperimental group were re-colored according to 8 expression of cKit and Sca1 ( Figure 4A ). R4 cells are distinguished from R2 cells, and both 9 subpopulations are distinguishable from R1 cells. Furthermore, R4 cells with greater cKit expression 1 0 extend further along PC1, while R4 cells with lower Sca1 expression do not extend as uniformly along 1 1 PC2 ( Figure 4B ). Because area strongly correlates with PC1 (Supplementary Figure 13A ), R4 cells with 1 2 high cKit expression and corresponding low PC1 scores, are more likely to be larger in size compared 1 3
to the other subpopulations. Similarly, because circularity is stongly negatively correlated with PC2 1 4 (Supplementary Figure 13B ), R4 cells with low Sca1 expression and corresponding low PC2 scores are 1 5 more likely to be circular in shape. Performing the same analysis for the 50 ng/mL TPO Lin -1 6 experimental group results in a stronger separation between the four subpopulations ( Figure 4C ). The these results indicate that R4 cells with similar cKit/Sca1 expression also have similar morphologies, 1 9
and that culture with TPO exaggerates both the expression (or lack thereof) of these markers and the 2 0 morphologies to which they correlate. Because the PCA results indicate that the R4 subpopulation is independently grouped as cKit + /Sca1 -2 3 cells, and previous studies have identified that cKit high cells exhibit an intrinsic bias towards the MK 2 4 lineage 18 , this subpopulation was further explored for MK potential. To determine if R4 cells 2 5 preferentially differentiate into mature MKs, fresh BM cells or BM cells precultured with 50ng/ml of TPO 2 6 for 72 h were stained with LSK antibodies ( Figure 4D -E). Similar to previous results, R1 cells did not 2 7 proliferate in culture, while R2-R4 cells were able to self-renew and expand in response to TPO/c-Mpl 2 8 signaling. R4 cells were sorted and recultured with TPO for an additional 48 h, then stained for CD45 2 9 and CD41 expression. Almost 36% of fresh BM cells were double-positive for CD45 and CD41 3 0 expression, while close to 80% of BM cells precultured with TPO were double-positive for CD45 and In the past several years, the hierarchical model of hematopoiesis has been reconfigured, transitioning 1 away from the linear, sequential development of terminally differentiated cells from HSCs towards one 2 that includes branches, bypasses and feedback loops 2,3,5 . One of the most highly debated aspects of 3 the continuously evolving hematopoietic organization is the origin and development of MK progenitors 4 capable of giving rise to mature MKs. HSCs and MKs have many features in common; most 5 appreciably are their mutual dependence on TPO/c-Mpl stimulation 1, 5, [7] [8] [9] [10] [11] 19 and surface marker 6 expression 20-24 . As a result, drawing the line between HSCs and MK progenitors to systematically study 7 these cells has been exceedingly difficult, especially since recent evidence supports direct MK ImageStream ® X Mark II Imaging Flow Cytometer to collect morphology data that is intrinsically coupled 1 2 with surface marker expression to identify elusive cell types that respond to TPO/c-Mpl signaling at 1 3 single-cell and whole-population resolution. Furthermore, PCA confirmed that these minimal panels Previous studies have identified MK progenitors in the adult mouse but, to our knowledge, this is the 1 9 first report to use only LSK antibodies to quantify early enrichment of MK progenitors after stimulation 2 0 with TPO. By culturing whole mouse BM with 50ng/ml of TPO for just 3 days, we observed enrichment 2 1 of the cells of interest, which can be easily distinguished by morphological characteristics and surface 2 2 marker expression. In summary, these R4 cells proliferate, increase in size and circularity, develop a 2 3 distinctly unique texture, and upregulate cKit expression in response to TPO/c-Mpl signaling. The 2 4 absence of lineage markers and expression of cKit indicates that these cells are still immature and 2 5 capable of further proliferation. Furthermore, sorted R4 cells that have been previously exposed to TPO 2 6 readily differentiate into mature MKs at ~80% efficiency when recultured. These culture methods serve 2 7 as a novel procedure for isolating MK progenitors that may provide insight to the early stages of MK 2 8 commitment and development. Applying these culture methods to the disease setting can provide us We gratefully acknowledge the funding from the University of Utah startup funds, the National Science The authors declare no competing financial interest. clone (if applicable), catalog and/or reference number, and dilution. and after culture with 50ng/ml of TPO were generated. Flow cytometric events were divided into four 6 distinct subpopulations: the R1 subpopulation (Lin -Sca1 -cKit -) is lost after culture with TPO; the R2 7 subpopulation (Lin -Sca1 + cKit -) self-renews and maintains high Sca1 expression in response to culture 8 with TPO; the R3 subpopulation (Lin -Scat1 + cKit + , LSK) self-renews and maintains high levels of Sca1 9 and cKit expression in response to culture with TPO; the R4 subpopulation (Lin -Sca1 -cKit + ) self-renews antibodies, flow cytometry plots of CD45 intensity vs. CD41 intensity before and after culture w 6 50ng/ml of TPO were generated. Flow cytometric events were divided into seven dist 7 subpopulations: the R1 subpopulation (CD45 -CD41 -) is highly prevalent in unstimulated BM, but is 8 after culture with TPO; the R2 subpopulation (CD45 mid/high CD41 -) expresses CD45, but does not s 9 renew when cultured with TPO; the R3 subpopulation (CD45 mid high CD41 low mid ) upregula (CD45 low CD41 low ) is characterized by low surface marker expression and emerges only after culture 1 with TPO; the R5 subpopulation (CD45 -CD41 low ) expresses low levels of CD41 and proliferates 2 modestly when cultured with TPO; the R6 subpopulation (CD45 -/low CD41 mid high ) self-renews in 3 response to culture with TPO; the R7 subpopulation (CD45 high CD41 high ) expresses the highest levels of 4 CD45/CD41 and is enriched after culture with TPO. (C-D) Representative image panels of each 5 subpopulation before (C) and after culture with 50ng/ml of TPO (D) and stained with MK antibodies. R7 6 cells are the largest subpopulation, followed by the R3 subpopulation. Scale bars, 10μm. 
